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PATHWAYS OF EXPANSION AND MULTIPLE INTRODUCTIONS ILLUSTRATED BY
LARGE GENETIC DIFFERENTIATION AMONG WORLDWIDE POPULATIONS OF

THE SOUTHERN }-IOUSE MOSQUITO

DINA M. FONSECA.' JULIE L. Sf\HHI. RI<:IIAIW <:. WILKERSON. AND ROBERT C FLEISCHER
"nlt/"/III' "i ;V.."um/ S.-;Ctl...·s. PIIi/III!<·lf,lria. "t!tln,•.\/nm'fI: t ;"'"'Ii,', /',.,gram, Smi,}w",i<lll In,.fi,II/i,m. W,t.II,itlgWII. l)i,l'ricI of

Columbia; \Valfl'r Ra,/ ,'trI/I' Imlllllle fir Rnenrcll. Sill..., Sfnitl$:. M"r..,{anll

A1>.I'Irt/CI. Th~ southern house mosquito Cllle,t ,{"il/l{III!f".\L'illllls is a principal vector of human lymphatic filariasis,
scvcral t.'ncl:phalilidl:s (including West Nile virus I. a\iall malaria. and poxvirus. but its importance as a vector varies
considcrably among rl:gions. This species has spread ~ilh humans and is uhiquilous in tropical urban and suburban
environments. This was the first lnosquito to reach Hawaii and we performed a worldwide genetic survey using micro­
satellite loci to identify its suurce. Our analyses showed divergenl Old World amI New World gcnetie signatures in Cr.
C/llinqlll'jilscilllm' with further distinctions bet .....een cast and w~st African. Asian. and Pacific popUlations that correlate
with the ~pidcmiolo!!yof human rilariasis. We fuund Ihat in Hawaii south Pacific mosquitocs have largely replaced the
original New World introduction of c.r. qllilU/I/(:{II.lcill/u.l. consistent with their reported expansion to higher ~Icvations.

We hypothesi7.c worldwide pathways of expansion of this diseasc veClor.

INTRODUCTION

A sclect group of insel'l veClOrs of disease ha~'e expanded
their ranges radic.'llly in association with humans.\ Allhou!!h
Iheir introduction 10 new arcas has sometimes heralded dis­
case outoreaks. e.g.. yellow fevcr epidemics in the New World
after thc introduction of Aedes aegypti.2 the distrihution 01

disease vectors docs not .llways correlate with the distrihutiml
of the diseases lhey Inll1smit:' for example. nocturnal peri­
odic lymphatic filariasis (Wuchereria hlll/('(ofti) is tTanSmillcd
primarily (somc say cxclusively) by ClIlex (CIII.'x) qUIIIC//II"
{tIKill/1/) Say in urhan eastern Africa and in Asia.· However.
although Cx. qllinque/asciaflls is omntpresent and very com·
nlOn across alltTUpicaJ and sublropical rcgions tlf Ihe world.'
the primary vcctors of nocturo,11 filariasis in rural and weslern
Africa :Ire sl.'veral AflOphdl's species. while in Ihe Pal.'il'il· is­
lands the nocturnal form of l\'. hancrufli is virtually abS<:l11
and diurnal/suh·periodic forms arc transmitted hy local AI'tI"1
species.· Across the world c.r. quinque[ascil/lus is also a lo­
cally important vector (If St. Louis encephalilis and West Nill:
virus, as well as of avian malaria and pox viruses."

New or modifil.'d vector-mediat~d host/parasitl' illter,u:'
tions oeCllr when nalUral or human-assisted illlroductions of
vectors and parasites arc made inlo nl'W ranges.1.7 Howevcr.
in addition to possible new \'cctor-disease-host com hi nation".
the vector itself Illay undergo local selection. gelll'lic drifl. or
hyhmlizations that can modify Iheir ability 10 trnnslllil a di,;­

case."'" Our capacity to predicl. pr~pare. and react to elller~·

in!! arthropod-horne dis<.'.ISCS depends nol only on our IImler­
standing of ~ll1crging disl.'ase organisms. hUI also their \'ec­
Iors. As a model syst~11l wc have hecn focllsin!! on one of the
hest·known mosquito introductions, that of Ct. ({"inC/IIt·/"I'
dl/III.\ 10 the Hawaiian Islands where as the sole vel·tor "I

;tvi:lIl mal .. ria il has l.'ontri"uled wlhe: cndanl!.crmellt of m..n\,
endemic forest hird specil:s.'u T. R. Peale. a; American nalu'­
ralist. found no mosljuitnes when he visited the islands in
IX23, II so as th~ first int roduced mnSljllilo, Ct. '/llil/lillc/il'<­
datil.\' was conspicuous to nativcs. explor~rs. and missionaries.

., Adllress l.'orrcsl'0nllenl.'c to Dina 1....1. rOIlSCl·a. Acad<'nl~ of Natural
S... iC'ICCS. Illfll) Ben rranklin I'ark\\·ay. I'hilmh:lphia. 1':\ 1'11113­
I:"fnad: fonsc\:a(ir°acnal~ci.(1rg

2x-t

The 1110st detail~d and possihly Ihe most speculativc descrip­
tion of Ihe introduction is Ihat of Reverend William Rich­
ards'~ who indicts the crew of the "Wellinglon" for releasing
larvae of the southern house mosquito with old drinking wa­
ter obtained in San 81:1s, Mexico. while at pOri in L1haina.
Maui. in 1826. Oth~r aUlhors provide fewer details. hut be­
calise ex. f/llillque[asciatll.l' W:lS then not likely present in the
Padfic.t.' the mosquito source is always thc New World. 11.1.

The epidemiology of avian malaria (Plasmodium rdictlllll) in
the Haw<liian Islands is often cited as a classic example of
eo-cvolution subsequent to the introduction of disease to a
highly susceptible. isolated wildlife population.l~ However,
the role of the vectors has nol "een previously considered.
Th~ objective of our study was 10 e!o:amine the history of
introductions of Cx. qllill{J/I(:fil.l'ciallls to Hawaii. Whik doing
so we uncO\'cred evidence oj multiple iOlroouclions diag·
nosed oy an unexpeclcd degree of genctic differentiation
worldwide.

MATERIALS AND METHODS

Samples and microsatcllitc gcnotyping. In an allempt to
ohtain a snapshot of the genetic signature of Cx. quit/l/ue{m;­
da/tls across Ihe world. we obtained sp~cimells from as many
dinercnt locations as possible with the aid of local entomolo­
gisls (PHS permit no. 91J.05·(600) or from colleagues (fahle
II. For an updated yel still incomplete map of the distribution
of e.:c. q/lillqllef{/sdo/ll.~, sec the report by Smith and Fon­
seca. l

.. We excluded samples from Shanghai. China, because
they showed considerahlc hyhridization with ex. pipit'fI.\· pal.
lem. an easl Asian member of Ihe C.f. pipiells complex. \.. To
achie\'e represcntative sample si,..cs. we chose to comoinc
dose·by sampl~s (within each country or geographic loca­
tion). The exceptions arc Hawaii. where we examined sepa­
ralely the current (Oahu) and historic (Maui) main enlry
ports hecause we had amplc acces.<; to specimens ,lOd one 01'
our objeclives was 10 understand better Ihe timing of il1lro·
duetions. We ab,) decided not to eomhine specimens !'rom thl.'
Midway Aloll (Hawaii) wilh olher Hawaii'lIl specimens he­
cause we had prior knowledge of separate introduclions to
lhis aloll.': \\hich was the sill.' of extcnsive naval tr.lffic during
World War II. \Ve also did nOl combine speciml.'l1s fmm
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i;l,NI'1 J(' STRI :crURI; OF ,\ WlDhl'lll:'\» llIS[,\SE VECTOR

"""IU I
Collection IOciltion. Saml)l",s sizcs. 'Iage from whkh DNA was estraclcd. dale: of colle:ction. and source~ of CIII"x </llillqll<:!II.,dlllll.f analyzed'

l.llI(alUIll ~') Sla~l~ nail.: S'lllll.'(.·

1 Mnkurdi nnd Zaria. Nil:elia 2[1 A June IWl/' I.lght Imps ncar houses
2 I)ongola. Sudan 2X L Jan 2IXl.\~ Three larval dips wilhin city limits

.' Ki~umu and Millindi. Kenya .'1 A Mav 1')I}lI" Cnllecled inside houses in five villal!c,;
~ Kochi. InJia 9 A Mav:!tMMI' Iland collecled insillc medical comPound
:' Dcpok (near Jakilrla). )a,·a. Indonesia 10 A Il)<}q. 200.\- Adult~ reared from liln'ae collected wilhin cilV IimiLs
n Makassar. Sulawesi. IndonC>'ia X A Aug 2IMI3'. Adults rearcd from lan'ac collecled within cit\: limils
7 Kupang. Wesl Timor. Indonesia 32 A I'JIII). 2tKL\' Aduils n:ared from lar...ae collecled wilhin cil}' limils
1\ Okinawa. Japan 24 AIL April I '}I)<)" Lighl Iraps and lar...al dips
9 Cairns. Australia 22 A 2llU·t' Adults raised from> 7 egg rafts

III King.wiood and Glandore. Australia :!5 A Aflril '1)<)')' Adults raised in Ihe Iilh from> 100 egg rafls
II Auckland. New ZeOlland 35 L Jan 199'" larval dips. Three separale siles \\ilhin cily limils
12 Arncric;lII Samoa I" l. 1'11)<)'01 l.'lrval dips
n Midwav. HI. USA IU L 199X'OI Larvae in rainwatcr poolcd in plaslic covers
I~ Oahu. in. USA 25 A 1995" Lighl Iraps in airport. Pearl Harbor. and Honolulu
15 Maui. HI. USA 53 AIL 19971~ Lihue. Lahaina. Airporl. and callie puddlc up Haleakala
10 Chino. CA. USA 46 A Oct ~IK12" Lighl traps within cil)' limits
17 JalisclI_ Mexico 4.. A 19<)1('· Lighl traps al ESlacion Biologica de Chamela
IS T'lp<ll:lIul:l. Chiapas. Mexico 2~ A Jul\' I"')~" lighl traps ncar Centro de Invcsligacilln de PaludislI1lJ
19 Santa Crul. Galapagos Islands. Ecuador ],') A M;,y 2IM.I4"· Oviposition trap Ilexl 10 house (27 .:gg rafts). I'ucrto Ayora
211 ManIa. Ecuadur 17 A Oee 2IM~" Lil(ht traps ",uhin city limils
21 New Orlcans. LA. USA 24 l March I ')<}<l" Larval dips al sewage trealment planl
22 Archer. FL. USA 2" 1. Sept II)<)/l'" Collected from :' scrap lires
23 Bermuda. UK 44 I- Dec 200~:" Human cunlainers (hUll!. lires. elc.) across Ihe island
24 George Town. (';lyman Islands. UK 24 A June 2IMI."" Li!1-hl traps wilhin city limils
25 Savanna 13 Mar. Jamaica 22 A nec ~lJ(I4' Adults re;lred from larvae collecled wilh oviposition Iraps
2(, Trujillo. Venelucla :lO l Mar 2ll()~:: Larval dips inln large cemelcry 00\\'':1' pot (multiple cohorts)
n Amapa. MaC;lp,i. Brazil 13 ..\ Mav 1997:: H;md·net colleclion of swarming specimens inside reslaumnl
2X S;io I'aulo. Brazil 42 A Dec 2f102:' Aspirations rwm ferns. Alto do Pinheiro. nexl lu houses

rotal 735

~ 1111.' nUml\4,:IS In ,ttt' Idt c:(~ul\,n C:1)J'ICS)ltllld h-' rh~,,,,· 10 hf.ur~ I ;lUd :. ;ullt in Ih"," :,lIc!t( hl:'\~u\"I1";\, 1:,hIL" III Ihe SIlI'plc:mt:fllary \-t"lerial... r\ ,'" adult; I. " LH..•...
t Ibn ('unn. WilloJ,""""orth ('cnlCJ, ,\loJO\', ~Y; ~Cnlin Mah:llhn, l)u::Ln ~f;an·. l.ni\l·lsil\· I~I LUll.hlfl. \ '1\. 'Shi'h:~ 1.uckh..1J1. Vil~inill l"cch. 1Jt.\Ck~huf~. VA and l)ina M. F(ln~cl, ~~~uC).nal

.\tU"'l:um uf ~a"H'" Uistm~" SU'nthsoniotn 111~lilulinn: "~tollly,»hi ~h~l. S:J,::J ~k,hLk,J1 Sdll.HJI, ~I;!;l. Jalul'~: ''It.luw MiyaJ:,1. Lnivcr.,;i1; (I' thL' K)'Uk)'us .. Oldtl;;lw:., Japa.n; :'Cra'K R, \\'IUl;lmli. Jam",s
CltU~ f 'ni\c•.,ih', C1irn'i. Ausmtli:t. ".In "cnl "lUI Cr••ig R Willi:\m.... l'ni\'l;r;ilv nf Suulh r\U... II;.li;l. '\Ih:biJl·. ,,\o~"a1i:L '}Mall Oulli;",... AgnOuaJih' JIll..."" 7A."Jland. AUt.:ltanll. ~I'~ Zc:;.li.nd:
l:lh'nl1i~ l.~r"I;"1: :and C~utc, .\lkil1«.tUI. ,;:,S. (;cCJI~",..1Sllh'C) I":u.:iti,.; Idmd t(:.)S~tt:m RC~:lr(h C"l:nh·I.II1: Il(,c:cn!.~c Kit.:,.iu"..hi, Ifa"':lit Slate Ocr:trtmcnt 0" Ife..hh. O ..hu, 111 :IUJ I)ina ~L
';llfhl:CI: l1~fictl;ld D, ·I'::lncayu. Jr., }I;l..aii SI;Itt: l)('parlnu,;lU uf Ik:llIh, h:lhllhn, Ilf and Uin" M '1111\ ..',':1: IIMin LCL: Chen,;.!. \\''''1.1 \'~lIcy Mu~.quito am.! \'c......·hlf e,ml, DiJitricl. Chlnu, C.\.
11 ...... I,r.c SI~un:1. r~la" ..iun 10k Bio{o~k:J l·BJmda. Ji.lli",,·cl, ~t\.'li~n: l'Juan Anl'llond•.l Jim~'m'l ('L'nlh' Jl IU\l:,uJ:a4.'lun Ul: P:,luui"'mu. ~h:~icu: IlIoLoJmOl J\.raml:f, W:uls..urlh ("cllIe" :\Ilt:t:n). NY.
I'n"n f'at.:u.:., "\Hn~· Center fur lte<llth rwnhlli,m ark! r,c..-cntl'·c ~lt:dk.ine·NOIlh, ro"t \kmk, ~In; lr~1Ih' (:'1111'111, Xcw Ollcans Mosquilo ~nd Tcmutc ('ontm' Bt)Jfd. ,,~\ OJlC:;Jn~.1 A;
''''(tl:()I"~L: O·Ml:'.Jl:1. F1Clfid:.l Mc~dk:':J1 Enh1m()lt~\'lJ"'tfalnn:. \oem lkaLil. H: "f'U:t\id K(~lhJ,,'lI. tklnllHI.t (,mcrnmclll I"C~I t'umrof. tbmi1tol1. tJl.'rmul.b and Julie L. Snlllh, 1"'II"aml'cuIL
\11J~ui," R...-..a;.:J.Il"t1 :md ('unlnd L:nl1. Ca)~wn '1;I:mili; ;:Ric.iuuJ C Wllhh4.m, ~'''nin.. Sallul1l l:lUh·I'hl;IJ.., lk San faull), Sau ".fIIJu, Hr..t7.i1.

• l'h,,' SUInIll;U~ ~I:tli .. lll"'" \\l'll' l';,lkutJIClt !til all ('tJrt'bliuns ("4\f11hinccl (f"., ~ l~J, ~'I'''''rl

II" t··O III 'nlt, 11I1"'l!l:I!i',~. It .. C·t).lr. I\"kf~ '1t'l:~ h.' Amclt.,.";t11 POl1ut.lfun" \\t~..·It.' 11Il' hll,:lI"
" '" 11:11'4.1\·, \\'Cl1lht'I~: tCluil!I.'tluu r')f all Ind. ell'J\cch;d hl"'C""Y~Uc;,,~ 'I It-. ":1" ..":lk:tlbh..t'
,)"'ll'H~1I hIli .,um I'",d. \\h~ll·,t D 1t1l' nuru~, til imJi"UJu...t... s.. ;, Ih\. numtTt.:1 ..I
\"~IIIK'1 :1111.'11.:" ,mtl r i ... lhl u'bti\" hl",UCIk:\· III aJ1::k I. Sul~ripb ~llh'r Ih...· n;un" tlr l':"'h
I."dl'o: h'h'f h' 11Il'lIlll..,;, ..llljl III lllh' 1'1 llllc~" l1Iultipk,..·~.

Statislical anal)·scs. Tests of Hardy·Weinberg equilioriulIl
were conducted using GENEPOP 1.2P and allelic richness
was calculated with FSTAT 2.9.3:'1 using a rarefaction index
(2N = 10) to account for different sample sizes. We used
Clvalli·Sforza and Edwards chord distance as wdl as Nei's
genetic dislance as a measures of population differentiation.:"
which were implemented llsing lhe programs MSA3.()'!~ lol-

mainland Ecuador and th.: Galapagos Islands so we might
investigate Ihe sources of the recent illlroduction of ex. quill­
l/1II:ftl.\'citJlII.\ 10 the Galapagos Islands. Furthermort:. we ex·
tracted DNA from five-dried museum sp.:cimcns collccted
between 1919 and 19~ in Hawaii (Bishop Museum coHee­
tions ).

All specimens were field collected as adulls ur larvae and
the~' Were sent to us either dry or in elhanol. Larval collec·
tions wen: made from multiple oviposition siles in each loca­
lion to prevent a few families from innuencing Ihe results. A
llIorphologil: examin:lIinn. including. genitalia analysis of
males'S to confirm species. was performed prior Iu DN}\ ex­
tra~·tion. In later samples. rapid polymerase chain reaction
(peR I-based assays were used to confirm species identifica­
tion.'" DNA was extracted using a standard phenol!
chloroform lllcthod l7 and I fLL of Ih.: DNA W.IS used in each
PCI~. To pre\'Cnl contamination with male DNf\. female 010­
domens were not used. The DNA cxtraction and peR prepa·
rations invulving Ihe five dried museum spccimens were (ler­
fnrmcd in a separate room away from Ihe main laboratories.
We examined twelve microsatellite loci: CQ11. C02". CQ2tJ.
CO-ll. C046. pGTI2. pGT46. pGTSl, and qGAI2. qGT..,
qGTH. amI qGTI7 (Taole 2). Analyses of mns4uito families
have showed thaI all the micrnsalcllite Im;i uSell in this study
"r~' inhcl'iled in a Mendelian fashion and arc nflt sex·
linked.'" ]1 l\'licrosalellitc loci wen: amplified and sized as
d.:snihed hy Smith and others. J1
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wil h 1.000 replicale hootslraps. Trees were assel1lhlcd wilh
Tre ... VicwPPC.n Furthermore. we assigned individuals to
chl'h:rs (,Irains) hascd on their muhilllcUS genotypes wilh a
l11axinllll1l likelihood algorilhm impk'l1Icl1(ed in Ihe prtlgram
SlrlICIUH' 2.0.~" We uscd 2(l.()(KJ hurn-in Slt.'ps and I,lKKl.llll(1
runs with a l1Iodel of uncorrclated allele frequencies allowing
adnllXture (gamma = 0.34, calculated at K = 1,1"). III this
analysis, th.: origin of each specimen is not disclosed but the
11 11111 her 01 dusters (K) is decided 1/ priori for cach run. To
asse.;s the consistency of the analysis. we performed an ex·
hauslive comparison of 10 runs al each K scoring the similar­
ity wcfficielll described by Rosenberg and others.'" Formal
eslilllalion of admixture proportions (i.e., c,llculation (If the
pUlative contrihution of introductions from differelll Inca·
lions tll the current Hawaiian populations of Cx. quinC/ue/al­
nll//I.\ I was performed with the Markov Chain Monte Carlll
method LEADM IX, a superior maximum Iikdiholld based
lIlelh\I\llhal allows fm more than two source populations and
l'an ilh:orpmate admixture due to non-simultaneous migra­
tio" from different source populations.:l1

RESULTS

w~· llhtail1cd D5 specimens from 2t-: I"cations across the
\wrld always near or inside hlllll,1I1 dwellings (Table 1). AI·
Ihf'u~h some collecting devices were placed in areas less im·
par led hy humans. those did nol yield c.r. quillqllt!fllsdll/IIS.
Uf Ih ... specimens examined. 70% were adults. lUll less than
40':;, of those were collected wilh lighl Iraps or other methods
Ihat mostly collect femnles. Mnny larvae were rearclllll adults
gi\'ing us access to known mixes of males and females. Fur­
IheHllor.... ,IS mentioned before, the microsalcllite loci lIsed in
Ihi, stud\' arc not scx·linked.

\"el1 ;~fter we redesigned primcrs.11 two of Ihe 12 micro­
,alcllne loci used in Ihe analyses (C<)46 and (041) had sig'
nific'lIll h...terozrgote deficits in se Vl'ra I popUlations (sec
Tahk, ill Supplemental Material). Thus. Ihey were exdud~'d

(wm Ihe analyses. Neighbor-joining dislance trees (Cavalli­
SIOI"!,! and Edwards chord distance and Nei's g...netie distance
prudul'ed nearly Identical trees) using Ihe remaining J(J nIlCfO­
,atdltle loci showed two well·supported geographically struc·
lUred groups (Figure I): a P.lcific group and a New World
j:roup. The S<lI11plcs from cast I\frica and Ihose from Soulh­
I:a" i\sian !ocalions also clustered IIlgether. hUI samples from
hOlh Nigeria (West Africa) and Japan c1ustCl'ed with the New
World p"I"llations. Because of DNA degradation, we ollly
alll'mpteu 10 amplify Ihree loci (C020. CQ~9. and CO" 1)
Irom tl1(: museullI specimens. Two specimens (both collected
in the l'J:!(ls) did nOI yield producls. The remaining lhre.:
,pccimens (1919.1931,19+1) yielded II alleles hut only Ihe
'Jll'.:iIllCIl from 19-t4 had an allde unique to Pacific popula­
lion, (CC)2\l·IX6. Tahle A3). Tahle A3 appears online at
www.ajlmh.org.

The results of Ihe multiloeus genelic structure analysis.
which com hines all individualmulliloclls genotypes and sepa­
ral~'S Ihem into distinct clusters analogous to the hierarchical
hral1cflln~ of Iree diagrams;'Z gave si~lilar resulls 10 Ihe dis·
I.lllce analysis hut with a higher resolution (Fig.ur... 2). The
,ill1iliHity of results across 10 replicalcs al each numher tlf
infer rcd duslers (K I was high (O.c)-O.lllJ) fur K from 2 104..0\1

K ~. Ihe 7.1:; specimens of Cx. I/lIinqlle.li/",o'lII/1} examined
c1u'lcr inlo two c1l:arly defined groups: Ilawaii phi' Old

UNew ZmIaud
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1'1I,leRT" I. Unrot'led mnscnsus nearcsl-neightxu' tree depicling
Ihe rclatio""hirs helwecn populalions used in this study (to decreitse
samrling rclah.:d arlifacts. we excluded populalions with less than 14
spccillu:ns from lhi, l:fIlul'<:d anal>'Sis). Numhcrsnn hranches indicate
hOl1lstrap p.:lcclII<lges. The numbers helore each name correspond to
Ihusc in Fi!!u ...: ~. ,\11 porulalions group first accordin!!, lu geog.raphic
prt\Xlmity excqll fur Nigeria and Jal)an. which consistently group
with the American I'OpUlalions. 151 = Isl;lIlds.

World and New World. although similar to earlier finding.s in
this rcporl. Nig.eria has New World ancestry. At K = 3, Aus­
Iral and Pacific specimcns separate from the Old World e1us­
h:r. while Brazilian. Nigerian. and Japanest.' specimens have a
mixed signaillre (Old and New World). Finally. at K = 4.
popUlations along the Allantic Coast of the Americas. as well
as .Iapan and Nigeria, all separate into a distinct group.
Throughoul Ihe analysis, Hawaiian populations cluster with
Australia and New Zealand although Maui has more speci­
mens with New World ancestry than docs Oahu.

:\dmixlUre analyses showed thai Hawaiian populalions
have an unt.''ien mixture of alleks from New World anu Old
World pl~pulations (less than 20% inpul from New World
populalions). which agrees with l/ur olher analyst:s Ihallissign
a preuominantly South Pacilic ancestry 10 current Hawaiian
populations. Thc conconl<lnce hetween the dirferent analyses
is nol surprising because a few microsmellilt.' alleles that arc
":UJIllllon in the Amcric.ls (e.g.. <If;A 12-157) occur in Hawai­
i;)n populations but arc ahsent fwm Ihe South Pacific (Tables
A I-A II ). while many alie10.:" common in the south P.lcific and
also common in Hawaii arc \'(lIlspicuously absent rrom the
AJIlencas (e.g.. CQ2fl·:!2fl. C02LJ·1 K6). Am.:rican Jlllpula-
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Fle.IIlI~" Ih"sults of a Bayesian cluster analysis of multi lows minosah:llile gCllolypes. Each of Ihe 73:' indi\iiduOIls included in Ihe analysis
is rcprc"'nl"" "I a Ihin \"crlieallinc, PiJrtilioned illlo cnlor<'d St.'gmenl' Ihal I<'plcsc:nl Ihe indi"iJUill's rruhahilily of hdunging to onc "f C"dl or
Ihe llenclic duslcrs, Although Ihe origin of each specimen is nol usc" in lhe analysis, in lhis figure spccimens werc grouped by location (scramIe"
hy a \icUi"'alline l Thc !!-<'ographic locations of all samplcs wilh associalctllocalion numbers arc shown in Ihe world map and arc Ihc same: as in
Figure I. Indu"e" arc (\"<1 populalions wilh samples IIf I...,s than 1·1 specimens: India (n = 9). Midw"y Isl"nd (n ~ 10). and Amapa. Rralil
(n = U), whieh "crc cxcluded from Ihe distance analysis. Th.:i. lucatlon numhcrs arc 4. D, an" 27. respcctively.

tions. espedallv th.IS': tin the Pacific Coas\, had sig,nilicantly
(P < (1.0) J lower alldic richness than Old World populations.
The highesl allelic richnc.:ss was found in Asian and easl Af­
rica popul:l\ions (p < 0.05) and the lowest was found in wesl
Africa,

DISCUSSION

AlthOIl!!h Wl' wc.:n: ahle 10 ohlain specimens from ll1uhipk
localion, in some countrics but nol from others, Ihose evcnls
arc randomlv distributed across the samples and do nol re­
flect Ihe allelic richness encountered. For example. in bOlh
Nigeria ;lIld "enya. specimens came from a rangl' of wlkc·
tion sites bill Ihosc Iwo localions in our study ha\'t~ Ihe 10\\'eSI
and one of Ihe highest allelic richness, respectively. The simi·
larily bctwe.:n Hawaiian and South Pacific populalions is lin·
expected (bascd on hislorical accounts) and significant be·
GIUSl' South Pacilic populations of Cx. qllillCflw{lIsl'i,I//IJ arc
adaplcd h1 cold southern hemisphere environments. In Ne\\'
Zc;tland. whcre winlcr Icmperatures arc occasionally belo\\
Iheir pUlali\t· survival minimum, larvae arc found from 1111\
through Sepl('mbl:r. Ihe soulhcrn winter months.." Thl: il1lrn·
duct ion and genetic swamping of such populalions CIluld n·
plain Ihe appar.:nt rceent expansion of Cr. lfllilllflw.lin";/I/w
10 highc.:r elevations in Hawaii.?.u The fact that Maui cOlllains
many more adlllixl'd spccimens argues Ihal Ihe nOll­
Australilsian ill1roduction ol'curred when Maui was th.: main
pOri of ('nll'l' III Hawaii (in Ihe (HlMls). whirh ~upporl~ Ihe
clfi,!!inal an'llllOl~ Ilf Ihe firsl inlroduction of mosquiloes,
These ;lIli1J\'Sl.'S also indicatl' thai most of thc dozens 01 CI.
'flilllf"t'tillt'III///.1 arrh'inl! Illonlhly in O:lhu in aircrahs I'fIlm
bOlh Asia and the i\lIlcricw;" do notl'cproducc.:. an imporlalll

observation from a control standpoint. The presence or a
unique South Pacific allele only in the specimen from 1944
giws us a date hy which we know South Pacific ex. lfllillqllc,
linl'ia/lls had already arrived in Hnwaii, although lhe small
number of specimens availailic docs not allow us to reject tilt'
ptlssihility they had arrived earlier.

II is nol known when Cr. qllillqlle[asciatu.f arrived in Aus·
tralia. Marks argued thm il arrived with or shortly after lhe
colonial First Fleet in 178X.u" while others have allrillutet! its
arrival to the opening of Australian ports 10 American whal·
ers in 1!B 1.17 Its introduction to New Zealand appears ((l be
recenl because there arc suggcstions Ihat it is just starting In
pelJ(:trate inland.'1< Supporting the idea that an Australian
~Irain or ex. qllimllle,lil.lcillll/s could have remained localized.
1111': introduction of Ae. l/IlSIraficlIs (a species native to Aus­
Iralia) to New Zealand"is well documented and occurred onlv
,luring Ihe last 5tI-RO years:" The expansion of Cx. qllillqll,:'
-"neil/trI.1 to the smaller Pacinc islands is thought to hl' c\'cn
more recent and linked lO evenls during World War 1/.1.\ Such
inlrotluctions arc supposedly linked to Ihe increasetl con net:­
livity helween Australia and the Pacific islands because of Ihe
Inlense traffic or Whaling hoats and later passenger airplanes
and warships:"

The low diversity of New World popUlations of C.I'. filii,,·
llllC(illcil/w,f :Igrt:es with assertions thm it is a recently intro·
duced specic.:s. So docs its only rc.:cent arrival to the <"ahlpagos
Islands and the similarily betwcen mainland Ecuador ;lnd Ga·
lapagos spc.:cilTlen~, Howc.: ....er. the source.: of New World CI.
ll"ill'/"<,(iIR'illl"-' is unclear, lIs arrival from west Africa as
daill1cd ,.. is unlikely !>ecause lhe species was rept'r!eo al",enl
Ihert: before 1"42."" The silTlilarit~ hetween Nigerian amI
i\mc.:rican populations illstl'ad indicates that the !'oom'r were
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introduced from the l'<<:w WOI'IJ. \\hidl is sUPI'0rlcd by thc
cven lower allelic ridlncss of I\ig.erian specimcns. Thc difk,­
cnccs between Pacific and Atl:llltic CI):lsts ill the New World
arc consistent across tatit ude (Flgurc ~ I amI dose examlna·
tion of the allelic frequencies (rablt:.. A I-A II) and Ihe higher
allelic richncss in Atlantic Coasl populalions supports the hy.
pothesis that the extcnsi",: bO:lt twHic across Ihe C:lrib"ean
and the Atl:mlic may haw Icu to cXh:nsive mixing.

East African and Asiall \wpulaliolls duster togelher (Fig·
ure 2). Although the hcavy human traffic ,I\;ross the Indian
Ocean might be the r.~ason. if. as it has hecn prop0sed_ c.r.
ql/;TIlJlle!asciarm originatcd in Africa." African populations
would have ancestml polymorphlsm_ Instead. hoth the cast
African and Asian populatiolls we examined had the highest
allelic richness across all populations cxamined. The \'cry dif·
ferent signillurcs of cast and wcst African populations. as wcll
as the uniqueness of the inlcraction between ex. ql/i/lque}i,.\­
ciallls and its sibling spcci..... Cx, pipil'lls in 1\ frica: z hinl al a
complex origin and dislrihlliion of Ihe spel'ies there and will
require further sampling in I Ill' con.incnL Critically. our find­
ings agree with the epidcmiology 01 nocturnal filariasis de­
scribed earlier and arc sllppllrled by veclor competence slud­
ies showing low susceplihilit\ of Cx. ql/iI/(IUI!!Il.~dtlflls frum
west Africa and Polynesia 10 W. Il(/lIrro(li:.\·~·'

The prest'nce of dislinl't ·mains of c.r. ql/;lIqul'jilscirUlIS
across Ihe world was unexpedcl! hecause previous studies
examining loci involwd in insccllcidc resistance concluded
this species is undergoing a hUlIIan-aided expansion wilh non­
Iriviallevcls of gene flow het\\ccn populalions:' Our resulls_
however, show Ihnt rccolllninalion lIlay hreak the conncclion
helween selecled and ncutral loci vcry quickly. maintaining
the inlegrily of the microsalcllilc -;i!!n,llure while allowing Ihe
penetration (If llseful inscclicide resiSlance alleles. This resull
is a critical eXllmple of crvpli.: inlrogression of useful gencs.
which may be a comlllon phCntlfnen,11l with very hroad COli·

sequences.4
(.

In conclusion, wc found thai worldwide populalions of Cx.
ql/illql/t!/lIJcillfll.\ lire siltnific;lIItlv gendic<tlly diHerenlialnl
amI correlated to known W "'//IC/'olii \ ... '101' l·OI11pelence. and
their pathways of expansloll an~ rcmarkahly similar 10 those
inferred for Ae. {/(~gl'/lli. :lIl1l1her \'cl:tor spccics associated
wilh humans.1 Furthermon.:. IW lound Ihere has heen al leasl
a second introduction o( Cl, r/uilll/,U'fi/s<"iIl1/Is intn Hawaii.
This conclusion is significanl hCGlIls... dl;lIlges in Ihe dynamil:s
of avian malaria in Hawaii. csp,~.:i;llh' the pcrccived increasc
in the ahitudinal ran~c 01 IhL" mo'quiloes1..\. as well as
changes in parasite \'irllknee_ \I may he associated with this
secondary inlroductlon. WI: •• r,· <:UH":lIlly cxamining differ­
enccs in veclor c0mpetcIKC to ;l\"ian malariil of the various
gcnetic Slrllins. Multip!.: lI11rodU<:l'"lh lI1ay he a fumlam..:nlal
":\'o!ulionary agent in in\asil " sp..:des'" and in diseas.: vectors
they may impact important cpitkmhlli>gil: paramclcrs.
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